Pure 
Introduction
Zircon ceramic is an excellent refractory material with high chemical inertness and low thermal expansion coefficient. However, utilization of zircon is inadequate due to its inherent poor sinterability. Sintering of zircon has been a subject of several studies [1] [2] [3] [4] [5] and generally reaction sintering of alumina and zircon mixture in stoichiometric proportions lead to the decomposition reaction of zircon (ZrSiO 4 →ZrO 2 + SiO 2 ) followed by the reaction between alumina and silica forming mullite and zirconia composites (Al 2 O 3 + ZrO 2 + SiO 2 →ZrO 2 + Al 6 Si 2 O 13 ) [6] [7] [8] [9] [10] . Though the sinterability can be improved by this method, a temperature beyond 1550°C is essential by conventional Ramp and Hold (CRH) sintering to achieve sintered specimens with higher densities and correspondingly low porosities even with highly reactive submicron size powders. In addition to this, according to the stoichiometric reaction 3Al 2 O 3 + 2ZrSiO 4 Al 6 Si 2 O 13 +ZrO 2 , the reaction mixture should have 45.54% by weight of Al 2 O 3 and 54.35% by weight of ZrSiO 4 and corresponding reactions results in volume changes that competes with the densification shrinkage necessitating very critical processing conditions. Further the zirconia produced as a result of the reaction imparts volume changes while transformation to monoclinic zirconia during cooling leading to microcraking and exhibiting poor mechanical properties. Hence addition of Al 2 O 3 in nonstoichiometric amounts which forms transient liquid phase has also been experimented to improve the sinterability [11] [12] [13] [14] [15] [16] .
T. Ebadzadeh et al [1] have compared microwave assisted sintering of pure zircon with conventional ramp and hold sintering and reported a maximum relative density of 88% with microwave assistance against 80 % with conventional sintering. E. Rocha-Rangel et al [9] have produced ZrO 2 -toughened mullite ceramic composites by spark plasma reaction sintering using a mixture of zircon, α-Al 2 O 3 and aluminum metal. They reported the decomposition of zircon and the formation of mullite at an SPS temperature of 1420°C which finishes at 1560°C and the relative density achieved was reported to be around 95.5 %. K. A. Khor et al [6] have reported the densification of plasma spheroidized zircon and alumina mixtures by spark plasma achieving a density close to 99.5% relative density. Authors have attributed the observed high density to plasma spheroidization of the zircon: alumina mixture. However, low temperature in-situ reaction sintering of zircon: alumina composites through SPS technique have not been reported so far.
The objective of the present study is to explore the densification behaviour of pure zircon and zircon with alumina as a sintering aid by the spark plasma sintering technique (SPS) and to provide a comparative evaluation with the conventional sintering. Investigations were also carried out to elucidate low temperature in-situ reaction during SPS and effect of alumina addition on sintering. The samples are studied for their phase evolution by XRD and compositional analysis through EDS followed by characterization for their micro-structural development and hardness measurements.
Experimental Work

Characterization of Raw materials
Commercially procured high purity zircon (Australian origin) and alumina (AHPA Ceralox, Sasol, USA) were characterized for their particle size and phase identification using XRD (D8 Bruker, Germany). Further morphology of the powder was recorded using the Scanning Electron Microscope (FESEM, Hitachi, Japan).
Compaction and conventional sintering
Zircon (ZrSiO 4 ) and the mixture of zircon and alumina (α-Al 2 O 3 ) mixed in the ratio of 90:10wt% were attrition milled in isopropyl alcohol for 1 hour in presence of a polyvinyl pyrrolidone as a binder and were further dried and compacted into discs of 10mm diameter by applying 250 MPa pressure. The compacted samples were characterized for their green densities and were conventionally sintered at 1600°C for 1 hour in a PID controlled Muffle furnace (Nabertherm, Germany) at the rate of 120°C/hour. Spark plasma sintering of specimens Zircon (ZrSiO 4 ) and the mixture of zircon and alumina (α-Al 2 O 3 ) prepared above were subjected to SPS sintering (Model Dr. Sinter 1050) into 20mm discs in a graphite die with a heating rate of 100°C/min to the temperatures of 1300°C ,1350°C and 1400°C at a pressure of 50 MPa for a dwell time of 10 minutes.
Characterization of Samples
Sintered discs prepared by both the sintering techniques were characterized for their density and porosity using Archimedes principle and the theoretical densities were calculated by rule of mixtures (theoretical density of pure zircon and alumina are 4.65 and 3.9865 g.cm -3 respectively). Specimens were also subjected to XRD analysis to identify additional phases emerging from both sintering processes. Microstructural analysis of polished and thermally etched samples were carried out using SEM (Hitachi 2400, Japan) simultaneously with composition analysis of the samples by EDS. The samples were characterized for micro hardness under a load of 500g using micro hardness tester (UHL VMHT). Table I represents the characterization data of the raw materials. XRD patterns of high purity zircon and alumina samples are presented in Fig. 1 . XRD patterns of the samples have shown ZrSiO 4 and α-Al 2 O 3 as the prominent phase in case of zircon and alumina samples respectively. The average particle sizes were around 4.5µm for zircon and 0.3µm for alumina as is evident from SEM micrograph shown in Fig. 2 . Table II presents the sintering parameters and densities of pure zircon and zircon with alumina additive densified using CRH and SPS sintering techniques. In CRH mode, though the samples were exposed to a temperature of 1550, 1600 and 1625°C the samples with a dwell time of 60 minutes the density of the samples could not be improved significantly even with addition of alumina. The maximum density exhibited by the samples was found to be 3.88 gcm-3 in case of pure zircon against 3.77 gcm-3 with alumina addition. This is due to the high coordination of the bisdisphenoid ZrO 2 in the tetragonal structure with SiO 4 (a (b   10μ   10μ tetrahedra [17] , though XRD patterns depicted in Fig. 3 indicated evidence of mullite formation. This is further evident from the highly porous microstructures in Fig. 5 a and b for pure zircon and zircon with alumina additives respectively sintered at 1600°C. It is evident that unlike CRH samples SPS sintering of zircon with alumina addition has resulted in densification achieving a density of 4.23 gcm-3 in comparison to the maximum of 3.77 gcm-3 achieved through CRH sintering technique. Density remained almost constant at 4.16 gcm-3 on increase of temperature to 1350°C which on further increase of temperature to 1400°C resulted in formation of excess liquid phase and melting of the formulation. It is also evident from the table II that surprisingly there is no significant effect of SPS sintering on pure zircon exhibiting a density of 3.85 gcm-3 versus 3.88 gcm-3 as in the case of CRH technique indicating the role of alumina as a sintering additive. The XRD pattern depicted in Fig. 4 also revealed the evidence of mullite formation even at a low temperature of 1300°C under SPS condition. Further, the micro-structural observations also confirm the measured density values. It can also be observed that large ZrSiO 4 grains are surrounded by smaller ones that appear in bright contrast. EDS examination of the elemental composition and their quantitative interpretation confirmed the formation of mullite at low temperatures of 1300°C (Fig. 6) . The high density values obtained for zircon with alumina addition can be attributed to the enhanced densification rate due to mechanisms like particle rearrangement and breaking up of agglomerates aided by the applied pressure and faster heating rates under SPS sintering conditions. Applied electric field also promotes the diffusion of Al 3+ ions through the siliceous phase produced as a result of the minor decomposition of zircon at the SPS temperature of 1300°C (Fig. 4) . It is also evident from the mullite peak appeared in the XRD pattern. Indentation hardness of the pure zircon sintered by CRH, zircon-alumina samples sintered by CRH (1600 and 1625 o C) and SPS indicated average value of 600, 642, 692, 1280 Kg/mm 2 respectively (average of 10 readings) for the samples with highest sintered densities. Further the corresponding grain sizes are also presented in the Tab. II. The high hardness value of 1280 Kg/mm 2 for the sample sintered at 1300 o C in SPS also complemented by dense microstructure.
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Conclusion
Density measurements of SPS sintered zircon: alumina formulations revealed a low temperature densification as low as 1300°C. However, pure zircon could not be densified in the absence of alumina under identical SPS conditions indicating the effectiveness of alumina as a sintering additive.
Zircon: alumina formulations could not be sintered even at 1625°C when CRH methodology is employed, though the presence of mullite peaks is evident from the XRD 
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